Abstract: In visible light communication (VLC) systems, optical orthogonal frequencydivision multiplexing (O-OFDM) is an appealing modulation scheme. Recently, a number of O-OFDM schemes have been proposed. Among them, direct-current O-OFDM (DCO-OFDM) is a widely used scheme for its high spectral efficiency and low complexity. Since VLC involves a combination of illumination and communication, different optical power is often required to achieve a certain illumination level. However, clipping noise will dominate a severe performance degradation of DCO-OFDM when a relatively high or low illumination level is imposed, and it restricts applications of DCO-OFDM in future VLC systems. To address this problem, an enhanced DCO-OFDM (eDCO-OFDM) scheme is proposed. By introducing a piecewise function with adaptive slopes according to the required optical power, the proposed eDCO-OFDM scheme has the potential to effectively eliminate the clipping noise. Furthermore, two parameter selection mechanisms with different complexities and performance gains are designed for the piecewise function in the eDCO-OFDM scheme. Simulation results verify the energy and spectral efficiency of the proposed scheme under the constraints of optical power.
Introduction
Motivated by the significant development of light-emitting diodes (LEDs), visible light communication (VLC) has emerged as an appealing complement to radio frequency (RF)-only communications. As the transmitters of VLC, LEDs can achieve higher power efficiency compared to conventional light sources. Furthermore, VLC is free of electromagnetic interference, and this can simplify the integration of VLC into future heterogeneous wireless networks [1] . Due to these advantages achieved by VLC, it is often considered as a key technology in the forthcoming fifth-generation (5G) networks [2] .
Current implementations of VLC systems are often based on intensity modulation and direct detection (IM-DD), in which the intensity of light is modulated. Since the intensity of light cannot be negative, VLC systems require real and non-negative signal formats confined in the dynamic range of LEDs. The signal out of this dynamic range will be clipped at either bound of the dynamic range of LEDs, thus causing memoryless nonlinear distortion. Modulation schemes such as on-off keying (OOK) and multi-level pulse position modulation (M-PPM) can be straightforwardly applied to VLC systems. However, the effect of intersymbol interference limits the achieved spectral efficiency [3] . Due to its high data rate and cost-effective equalization, optical orthogonal frequency division multiplexing (O-OFDM) is a suitable modulation scheme for VLC to achieve the target high-speed communication [4] .
Recently, a number of O-OFDM schemes have been investigated. Schemes such as asymmetrically clipped optical OFDM (ACO-OFDM) [5] , flip-OFDM [6] , and unipolar OFDM (U-OFDM) [7] can achieve higher power efficiency than the direct-current biased optical orthogonal frequency division multiplexing (DCO-OFDM) at the expense of losing half of the spectral efficiency. To compensate the loss in spectral efficiency, improved schemes including enhanced unipolar OFDM (eU-OFDM) [1] , layered ACO-OFDM [8] , SEE-OFDM [9] , and -OFDM [10] have also been introduced. In eU-OFDM, layered ACO-OFDM, and SEE-OFDM, multiple IFFT paths are combined at the transmitter and demodulated separately at the receiver. In -OFDM, companding techniques are introduced in VLC systems to achieve the required signal format for VLC transmission. Since low peak-to-average-power ratio (PAPR) signals are achieved by the modified companding mapping, -OFDM is able to achieve high energy efficiency under a severe constraint of the dynamic range of LEDs. Compared to its counterparts, DCO-OFDM can achieve the same spectral efficiency as those improved schemes with low complexity. Thus, it is still an appealing O-OFDM modulation scheme and is widely adopted in current prototypes such as [11] - [13] .
Since VLC involves a combination of illumination and communication, relatively high or low dimming level is often required for the purpose of dimming control. However, the severe performance degradation of DCO-OFDM in high or low optical power level, which is dominated by clipping noise, still limits its efficiency [14] . For example, if the required optical power is high, the biasing of DCO-OFDM will approach the upper bound of the dynamic range of LEDs. As the biased DCO-OFDM signal is approximately Gaussian when the number of subcarriers is large (say greater than 64), a number of samples tend to be clipped at the upper bound, which results in irreversible nonlinear distortion.
To solve this problem, we design an enhanced DCO-OFDM scheme for dimming control. A piecewise function is proposed to generalize the signal form of DCO-OFDM, and we name the scheme with this signal form as enhanced DCO-OFDM (eDCO-OFDM). In the proposed piecewise transformation, two variable slopes adapting to the required optical power are configured. Furthermore, two parameter selection mechanisms, corresponding to optimal eDCO-OFDM (op-eDCO-OFDM) and fast-eDCO-OFDM (fa-eDCO-OFDM), are designed for the piecewise function in eDCO-OFDM. These two mechanisms can show significant performance gains with different trade-off characteristics. The proposed op-eDCO-OFDM can always minimize the required optical SNR for a target bit-error rate (BER), while fa-eDCO-OFDM compromises tradeoff between the performance gain and the complexity. Comprehensive simulation experiments with performance metrics, such as BER and spectral efficiency, are conducted to demonstrate the efficiency of the proposed scheme.
The remainder of this paper is organized as follows. In Section 2, we introduce the system model of DCO-OFDM. Section 3 presents the proposed eDCO-OFDM scheme and its theoretical model. Then the two proposed parameter selection mechanisms, op-eDCO-OFDM and fa-eDCO-OFDM, are introduced in Section 4. Simulation results are presented and discussed in Section 5, and finally, Section 6 draws some important conclusions.
System Model
As shown in Fig. 1 , we consider a discrete OFDM system. The electrical and optical links in this figure are marked with different arrows. In this model, the input bits are modulated according to M-ary quadrature amplitude modulation (M-QAM), and its output enters the OFDM frame mapping block. In this block, the input signal will be re-mapped in terms of Hermitian symmetry. This operation can be denoted as
where N is the number of sub-carriers. The purpose of the Hermitian symmetry is to ensure that the output of the IFFT block x ðnÞ; n ¼ 0; 1; . . . N À 1, are real samples as
where <½Á and =½Á present the real and imaginary parts, respectively. Compared to conventional RF based OFDM (RF-OFDM) schemes, about half of the spectral efficiency is lost due to the information redundancy in Hermitian symmetry. Then, a multiplication scaling factor a is imposed, and it plays a dual role. First, it can be utilized to fix a certain electrical power [15] . Second, an appropriate selected scaling factor can ensure a proper trade-off between the effective power and the clipping noise [16] . The scaled signal will then be distorted by the transformation block and the LEDs. As the nonlinearity of LEDs can be compensated by predistortion [17] , a linear relationship in the dynamic range of LEDs between the input and output of this block is assumed in this paper. For the DCO-OFDM scheme, this process can be shown as
where B DC denotes the biasing level, and I L and I H are the minimum and maximum drive currents of LEDs, respectively. In the considered IM-DD system, the optical power of the transmitted signal, x t ðnÞ, is defined as E ½x t ðnÞ [15] where E ½Á is the expectation operator. Thus, when an optical power constraint is imposed, we have
where is the required optical power, pðÁÞ denotes the probability density function (PDF) of a standard Gaussian random variable, and is the standard deviation of the time domain OFDM signal. The optical wireless channel consists of thermal noise and shot noise, which is to be modeled as an additive white Gaussian noise (AWGN) channel [7] . As a flat fading channel is considered in this paper, the received signal can be denoted as r ðnÞ ¼ g hðoptÞ x t ðnÞ þ w ðnÞ (5) where g hðoptÞ is the optical path gain coefficient, and w ðnÞ denotes the AWGN. Since g hðoptÞ is only a factor scaling the received SNR, following [15] we assume g hðoptÞ ¼ 1. After the optical-to-electrical (O/E) conversion, the received signal will conduct the converse transformation block, where for DCO-OFDM the direct current bias is discarded and the signal x ðnÞ is recovered. The output of the converse transform can be presented as
It should be noted the scaling factor a can be estimated by the receiver as part of the channel state information (CSI) for equalization [16] . From (3) and (6), we can see that a larger scaling factor a results in a smaller channel noise after the converse transform, but it imposes higher clipping distortion at the transmitter.
Enhanced DCO-OFDM
In this section, we first explain the motivation of the proposed eDCO-OFDM scheme. Then, we describe the principle of the scheme and its theoretical analysis.
The Motivation of the Proposed Scheme
To facilitate the description, we define the normalized illumination level (or optical power) normalized as
When a relatively high (e.g., normalized ¼ 0:8) or low (e.g., normalized ¼ 0:2) optical power is applied, DCO-OFDM will suffer a severe performance deterioration, and this effect has been demonstrated in [14] . Using x ðnÞ as the input samples (x -axis) and x t ðnÞ as the output samples (y -axis), an example of the transformation block of DCO-OFDM is shown in Fig. 2 . We define the inflections of the transformation block as clipping points. As shown in Fig. 2 , the y -coordinate values of clipping points are always I L or I H . When a high level of optical power constraint is given, in which case a high biasing level is needed, many samples tend to be clipped at the upper bound I H . Similarly, when a low level of optical power constraint is given, many samples will be clipped at I L . This fact can also be explained from the statistical characteristic of x ðnÞ. According to a central limit theorem (CLT), x ðnÞ is approximately Gaussian with zero mean when the number of sub-carries N ! 64 [5] . As the PDF of Gaussian distribution is centered around its mean, when the optical power of x t ðnÞ is close to the either bound of the dynamic range of LEDs, a large number of samples will be clipped.
This example implies that clipping noise dominates the performance degradation of DCO-OFDM when the required optical power is relatively high or low. Another important conclusion is that the clipping noise is totally determined by the position of clipping points. This is because the x -coordinate values of the clipping points fix the maximum and minimum values of x ðnÞ that will not be clipped. Based on these two observations, we propose an enhanced DCO-OFDM.
The Enhanced DCO-OFDM
In eDCO-OFDM, the modifications lie in the transformation block and the corresponding converse transformation block. We propose the following piecewise functions with adaptive slopes:
where a 1 and a 2 are two variable slopes, and b is the biasing point. The parameter b is used to control the optical power of x t ðnÞ, and the two variable slopes a 1 and a 2 can decrease the clipping distortion. As shown in Fig. 3 , when high optical power is required, the biasing level b will be large. In this case, the value of a 1 should be set small to decrease the samples that will be clipped at the upper bound of the dynamic range of the LEDs, while the value of a 2 should be set large to take full advantages of the dynamic range. When low optical power is required, a contrary configuration (i.e., a large a 1 and a small a 2 ) should be set. At the receiver side, the output of the converse transformation can be presented as
Similarly, it can be seen from (9) that the variable slopes a 1 and a 2 may significantly enlarge the AWGN noise if their values are too small. At the same time, the piecewise function with large slopes can result in severe clipping noise. Thus, it is necessary to analyze the performance of eDCO-OFDM to obtain the optimal values of a 1 , a 2 , and b. Since x ðnÞ is approximately Gaussian, the nonlinear distortion effects caused by the clipping operation can be modeled according to the Busggang theory [18] . There are several prior studies on clipping noise analysis. In [15] and [19] , a pre-distortion block is imposed, in which clipping and nonlinear transformation are conducted. The output of the pre-distortion block is then presented in an equivalent signal form according to the Bussgang theorem. However, the system model in [15] and [19] cannot be straightforwardly used here. This is because a part of the nonlinearity in our transformation block is reversible in the converse transformation block. In this paper, we consider the blocks from the scaling block to the converse transformation block as a whole block. Thus x ðnÞ is the input of this block, while the output y ðnÞ can be expressed as [15] , [19] y ðnÞ ¼ Kx ðnÞ þ zðnÞ
where K is an attenuation factor which is less than 1, and zðnÞ is the noise part which consists of AWGN and clipping noise, and it is uncorrelated with the information part x ðnÞ. Thus, we have E xðnÞzðnÞ ½ ¼E xðnÞ ½ E zðnÞ ½ :
The attenuation factor is given by [15] K ¼ Cov x ðnÞ; y ðnÞ ½ 2
where 2 is the electrical power of x ðnÞ. To obtain K , we represent y ðnÞ as a function of
It should be noted that (9) is not equivalent to (13) , as the AWGN may influence the condition of the piecewise function. For example, for a specific n that satisfies r ðnÞ ¼ a 1 Á x ðnÞ þ b þ w ðnÞ G b, we assume this sample can be correctively demodulated as y ðnÞ ¼ x ðnÞ þ ðw ðnÞ=a 1 Þ in our theoretical model (13) , while the actual demodulated signal is y ðnÞ ¼ ða 1 x ðnÞ=a 2 Þ þ ðw ðnÞ=a 2 Þ according to (9) . We neglect this noise in our theoretical model for simplicity, and it will be shown that the influence of this approximation is minor. After plugging (13) into (12), we obtain the factor K as
where QðÁÞ is the Gaussian Q-function. According to (10) and (11), the variance of the noise zðnÞ can be expressed as [19] 2
In (15), E ½y ðnÞ and E ½y 2 ðnÞ can be, respectively, calculated from (13) as
where w is the standard deviation of the AWGN. According to CLT [18] , the noise zðnÞ is transformed into Gaussian variable after the FFT operation. The effective SNR of the received signal can be presented as
where G B is the bandwidth utilization factor. Since the 0th and the ððN=2Þ À 1Þth subcarriers do not carry any information, G B ¼ ðN À 2Þ=N. To verify our theoretical analysis, we simulate the BER performance of eDCO-OFDM and compare it with the corresponding analytical results. The analytical BER expression for M-QAM OFDM-based VLC system can be denoted as [20] BER
As shown in Fig. 4 , our analytical model matches well with the simulated BER results, which verifies the accuracy of our proposed approximation.
Parameter Selection Mechanisms
In Section 3, we design and analyze the proposed eDCO-OFDM, where we can see that different parameters of the piecewise function will significantly influence the performance of eDCO-OFDM. In this section, we consider two parameter selection mechanisms for a 1 , a 2 , and b under a constraint of optical power, leading to op-eDCO-OFDM and fa-eDCO-OFDM.
op-eDCO-OFDM
As stated in Section 3, under a constraint of high or low optical power, clipping noise dominates the performance degradation of DCO-OFDM. Decreasing the value of a 1 or a 2 can effectively eliminate the clipping noise in high or low optical power, respectively. However, according to (13) , the decrease of a 1 and a 2 will also enlarge the AWGN noise. Thus, a trade-off exist between the clipping noise and the AWGN. The optimal values of a 1 , a 2 and b are the values that maximize the received SNR À ðelecÞ . When the parameters I L , I H , w and are known, this optimization problem can be formulated as argmax a 1 ; a 2 À ðelecÞ ða 1 ; a 2 ; bÞ ! 0
As the optimization problem with this form appears to be mathematically intractable, we solve this optimization problem by numerical methods [19] , [21] , [22] . First of all, the optimization problem is solved under the assumption that no optical power constraint is considered. The results in Fig. 5 show that this optimization problem without optical power constraint is convex when b ¼ 1:5. We can also see that the optimal values of a 1 and a 2 lie in a moderate range. According to (13) , an excessively large value of a 1 or a 2 will cause severe clipping noise, while an excessively small value of a 1 or a 2 will significantly amplify the channel noise. These conclusions also hold for the other values of b. When we take the optical power constraint into consideration, the optimal values of a 1 and a 2 can still be obtained numerically. It should be noted that for op-eDCO-OFDM, the obtained data can be saved previously to a target VLC system for implementation.
fa-eDCO-OFDM
Although exhaustive search can be used to find the optimal scaling factors a 1 , a 2 , this process is complex as different optical power requires an exclusive search process. A fast parameter selection mechanism, known as fa-eDCO-OFDM, is proposed in this section, and one can obtain suboptimal values of a 1 and a 2 with low complexity.
According to the analysis and the simulation results in [14] , DCO-OFDM can achieve its best performance when normalized ¼ 0:5. This means the clipping noise is fairly small under this circumstance. Thus, if we can keep the clipping noise of DCO-OFDM in any optical power circumstance the same as the clipping noise when normalized ¼ 0:5, the performance of DCO-OFDM will be significantly improved. Keeping this in mind, we first define the clipping points of DCO-OFDM when normalized ¼ 0:5 as upper clipping point :
; I H lower clipping point :
where B DC;0:5 denotes the biasing level when normalized ¼ 0:5 in DCO-OFDM scheme. Fixing these two points as clipping points in any optical power level in fa-eDCO-OFDM, the clipping noise is thus fixed (as shown in Fig. 3 ), and we can define the two variable slopes as The optical power constraint can be written as
Thus, the only variable in (23) is b when the system is given (I H , I L , and are known), as a 1 and a 2 can be presented by b. Therefore, we can calculate the values of a 1 , a 2 and b by solving (22) and (23). As the clipping points are fixed in the proposed mechanism, the clipping noise is constant for any given optical power. Therefore, the severe clipping noise shown in high or low optical power is eliminated. It should also be noted that variable slopes are adjusted according to the given optical power, which will affect the received noise differently. When the required optical power is high (i.e., the biasing level is high), positive samples of x ðnÞ are suppressed to control the clipping noise while negative samples of x ðnÞ are enlarged to make full use of the dynamic range of LEDs.
In the proposed fa-eDCO-OFDM, b may be larger than I H or smaller than I L to obtain the required optical power. In this case, more than half samples of x ðnÞ will be clipped and fa-eDCO-OFDM will lose its efficiency. Thus, the minimum and the maximum achievable optical levels of eDCO-OFDM should be calculated to prevent the overflow of b. These two values can be expressed as below by plugging b ¼ I L and b ¼ I H into (23), respectively, and one obtains
Simulation Results
In this section, comprehensive simulation experiments are conducted to compare the performance of DCO-OFDM, fa-eDCO-OFDM, op-eDCO-OFDM, and ACO-OFDM. The maximum and minimum allowed currents of LEDs are set as I H ¼ 2 and I L ¼ 0, respectively. Without loss of generality, the electrical power of x ðnÞ is normalized to unity, i.e., 2 ¼ 1. As different values of SNR as well as normalized will result in different optimal scaling factor for conventional DCO-OFDM, it is impossible to obtain an optimal a in this simulation. Thus, we set a ¼ 0:31, which is the optimal value for DCO-OFDM when normalized ¼ 0:5 and E b;opt =N 0 ¼ 30 dB, to ensure a moderate clipping noise especially in the middle of the dynamic range. The corresponding configuration of fa-eDCO-OFDM can be obtained according to (22) . In this case, the achievable optical power normalized of fa-eDCO-OFDM varies from 12.5% to 87.5% for the considered parameters according to (24) and (25). It is a fairly large range to satisfy most of optical power constraints and the following evaluation will be conducted within this range. As for ACO-OFDM, signals are clipped at the biasing level and upper bound, thus no downside clipping distortion will be caused. We also optimize the scaling factor and biasing level for ACO-OFDM according to the values of normalized by numerical methods.
BER
The BER comparison of DCO-OFDM, fa-eDCO-OFDM, op-eDCO-OFDM, and ACO-OFDM is shown in Fig. 6 . In this subsection, 16-QAM is used for DCO-OFDM, fa-eDCO-OFDM, and opeDCO-OFDM. Since only half spectral efficiency is achieved by ACO-OFDM compared to the other three schemes, to make a fair comparison, 256-QAM is used for ACO-OFDM [1] . We observe that op-eDCO-OFDM always outperforms DCO-OFDM, ACO-OFDM, and fa-eDCO-OFDM. This is because op-eDCO-OFDM can achieve the optimal trade-off between AWGN and clipping noise for any normalized and SNR values. Since op-eDCO-OFDM cannot minimize clipping noise, the BER curve of op-eDCO-OFDM may be distorted by the clipping noise in some cases such as the case when normalized ¼ 0:3. However, it should be noted that this distortion will be controlled in a moderate range. When excessively large distortion shows, op-eDCO-OFDM will effectively eliminate this distortion at the cost of amplifying AWGN.
If we compare fa-eDCO-OFDM and DCO-OFDM, we can see that DCO-OFDM outperforms fa-eDCO-OFDM in the low SNR regions. For example, when normalized ¼ 0:8 or 0:2, DCO-OFDM can achieve a better performance till SNR at 25 dB. This is because in the low SNR regions, the noise enlargement effect caused by two variable slopes of fa-eDCO-OFDM is severe as the channel noise is already large. However we can observe that in the high SNR regions, fa-eDCO-OFDM can achieve significant performance gains when the required optical power is relatively high or low. Since prevalent high SNR is often shown in indoor-lighting scenarios, fa-eDCO-OFDM has the potential to achieve its advantages in practical. It can also be observed when normalized ¼ 0:8 or 0:2, the performance of DCO-OFDM will converge to an irreducible error floor, which is caused by the clipping noise. Different from op-eDCO-OFDM, fa-eDCO-OFDM, and DCO-OFDM which achieve their best performance when normalized ¼ 0:5, ACO-OFDM has a better performance when the required optical power is low. For example, ACO-OFDM can achieve a better performance than DCO-OFDM and fa-eDCO-OFDM when normalized ¼ 0:2, as shown in Fig. 6(a) . This is because only the samples beyond the biasing level are preserved for ACO-OFDM, and no downside clipping distortion will be caused. Thus, when a low optical power is imposed, a low biasing level and a relatively large scaling factor (i.e., large electrical power) can be used for ACO-OFDM. With the increasing of the required optical power, a relatively small scaling factor will be adopted for ACO-OFDM to prevent severe clipping noise in the upper bound of LEDs. As a result, its performance becomes worse as the optical power increases.
Spectral Efficiency
The spectral efficiency comparison of fa-eDCO-OFDM, op-eDCO-OFDM, DCO-OFDM, and ACO-OFDM is shown in Fig. 7 . To obtain this figure, we fix E b;opt =N 0 ¼ 28 dB. Meanwhile, the BER target is set as 10 −3 since it is usually considered as a reliable transmission threshold for VLC. In this considered scenario, these four schemes will choose the largest QAM order if their BER is less than the BER target. As shown in Fig. 7 , the achievable spectral efficiency for op-eDCO-OFDM is always higher than or equal to the other three schemes. We can also see that fa-eDCO-OFDM has the same performance as op-eDCO-OFDM, except for the cases that normalized is equal to 0.2 and 0.8, where the spectral efficiency of fa-eDCO-OFDM is 1 bit/ s/Hz less than that of op-eDCO-OFDM. Considering the low complexity characteristics of faeDCO-OFDM, it achieves a good compromise between performance and system burdens in dimming scenarios. As for DCO-OFDM, we can see that DCO-OFDM achieves its best performance when normalized ¼ 0:5, which is the same as op-eDCO-OFDM and fa-eDCO-OFDM. However, its spectral efficiency performance dramatically degrades when the optical power constraint becomes large or small. ACO-OFDM can achieve better spectral efficiency than DCO-OFDM and fa-eDCO-OFDM when normalized ¼ 0:2. With the increasing of optical power, its spectral efficiency decreases, which can be expected from its BER performance. 
Conclusion
By introducing a piecewise function with variable slopes, we generalized the signal form of DCO-OFDM. Through the flexible configuration of the slopes in this piecewise function, the performance degradation effect of DCO-OFDM under high or low optical power constraint can be effectively eliminated. Thus the proposed eDCO-OFDM scheme has the potential to achieve significant improvements in the scene of indoor dimming control. Two parameter selection mechanisms with different performance gain and complexity were designed, and they can be adopted according to the performance requirements and fixtures. Comprehensive simulation results showed that, when compared to DCO-OFDM and ACO-OFDM, the proposed op-eDCO-OFDM can achieve improved BER performance and spectral efficiency in any circumstance, while fa-eDCO-OFDM has significant performance gains in high SNR regions with similar complexity. These advantages make the proposed op-eDCO-OFDM and fa-eDCO-OFDM two attractive options to be adopted in future dimmable VLC systems.
